Tianjin's agricultural and industrial fields. Meanwhile, an abundance of untreated, industrial wastewater was discharged into Bohai Sea through the new Yongding River and the Beijing Pollution Discharging River. This sewage has become a new means of compensating for the water shortages in the Tianjin agriculture industry and thus, has formed a wastewater irrigation region that has lasted for several decades [5, 6] .
Although irrigating with wastewater circumvents water shortages in agriculture, it also allows for a large number of organic pollutants and poisonous heavy metal elements to leach into the soil and pollute its surroundings, which can be detrimental for people through the food chain [1, 7] . Hence, analyzing wastewater-irrigated soil is useful for determining the environmental quality of a crop system. Numerous studies have previously investigated the organic pollution and heavy metal pollution of crops [3, 8, 9] , for exampe, the soil and vegetables of a marshy field in the wastewater irrigation region of Tianjin. However, very few studies have been done on the heavy metal pollution of wheat, and likewie, there is no information on a prediction model for wastewater-irrigated wheat in Tianjin. The objectives of this study were (1) evaluate the heavy metal pollution in wheat grown in the wastewater irrigating region in Tianjin, (2) analyze the correlations between the heavy metal concentration in wheat and relevant factors, and (3) construct a prediction model for the heavy metal concentration in wheat.
Materials and Methos

Study Area
Tianjin, located at coordinates 39°08′N 117°11′E, lies in the northeast part of the North China Plain, in front of Yanshan and west of Bohai. It is becoming the economic center of Northern China as well as one of China's biggest coastal cities. The area's wastewater irrigating region is distributed throughout the plain's low lying areas, and the soil is nurtured on fourth century deposited sediment, which is a moisture-rich soil with a simple matrix. The main part of the land is modern alluvial soil from a river, and the rest is deluvial material and marine feces. The wastewater irrigating region's climate in Tianjin is an extratropical semi-humid monsoonal continental climate, which brings drought in the spring but waterlogging in the fall. The average annual precipitation is about 557 millimeters, and the lowest precipitation is 271.1 millimeters. 60% of the total rainfall in a year is concentrated in July and August. The total rainfall from March to May is only 12% of the total rainfall in a year, and the rainfall in winter is only 3% of the total rainfall in a year. Therefore, during the Agro-irrigation seasons in the spring and winter, the water requirement is very high. Because Tianjin lacks fresh water, it is necessary for the municipal sewage to compensate by serving as an additional water resource for irrigation use in agriculture [10] .
Sampling Strategy
According to the principles of representativeness, typicalnes, and timeliness, and in conjunction with different administrative divisions, soil types, the physicochemical properties of soil, and the intensity and dimensions of the sewage irrigation, certain plots were arranged under the grid method. They were located in wheatabundant farmland in seven districts (Xiqing, Dongli, Jinnan, Beichen, Ninghe, Baodi, and Wuqing). The arranged plots dimensions were roughly 10×10 km, and there were a total of 24 sampling points. (Fig. 1) .
Representative samples of soil and wheat that were ready for harvest were collected in the divided sampling plots and according to the cinquefoil five-point sampling method. Each wheat sample included the root and stem leaf, and seed was collected at the same time. At the same time, related soil samples were taken with a 5 cm diameter stainless steel auger at the 0-15 cm layer, homogenized in plastic bags, and stored at 4ºC
In a laboratory, the wheat samples were thoroughly washed by flushing with tap water to remove airborne dust and soil particles and then submerged in deionized water to remove the tap water. The root, stem leaf, and seeds of the wheat samples were separated, dried at 55-60ºC, and pulverized to pass through a 40-mesh sieve. The soil samples were air-dried and then passed through a 60-mesh sieve. Sub-samples of soil were used to measure the physico-chemical properties according to standard procedure.
Analytical Methods
The main characteristics detected in the soil were pH, the abundance of organic matter total salt, the heavy metals (Cd , Cu, Pb, Zn, Cr, and Ni).
The HNO 3 -HClO 4 -HF three-acid-digestion method was used in the soil heavy metal gross analysis, and we also incorporated ICP-AES PDP spectroscopic methodology in our analysis [10, 11] . Plant samples were digested with a treatment of HClO 4 and HNO 3 and were then analyzed by an ICP-MS inductive coupling PDP mass spectrograph [3] .
The other soil properties, including the organic matter, available phosphorus, available potassium, and pH, were analyzed by using corresponding methods. Soil pH was measured in 1:2.5 (m/V) soil: water using an electronic pH meter (PB-10, Sartorius, China). Soil organic matter was determined by the K 2 Cr 2 O 7 -H 2 SO 4 oxidation method. The total salt concentration in the soil was measured by a weighting method [12] .
Transfer Factor
The heavy metal concentrations in the soil and plant extracts were calculated on the basis of dry weight. The plant concentration factor (PCF) was calculated as follows: PCF = C plant /C soil [13] …where C plant and C soil represent the heavy metal concentration in the extracted plant and soil samples on a dry weight basis, respectively.
Results and Discussion
Distributional Characteristics of Heavy Metals in Wheat
The water-irrigated wheat roots, stem leaves, and seeds had different absorption capabilities in addition to different heavy metals ( Table 1) .
The average Cd concentration varied among the different wheat parts as well as de-creased in the following order: root>stem leaf>seed. The Cd concentration in the root was 2.73 and 3.51 times higher than that in the seeds and stem leaf, respectively. However, there was not a dramatic variation between the Cd concentrations present in the stem leaf and the seeds. The average Cd concentration in the seeds surpassed the set tolerance limit of Cd in foods (GB15201-1994, 0.05 mg·kg -1 ), meaning that the wheat had been polluted by Cd. The average concentrations in the wheat of Cu, Pb, Zn, and Cr had a similar distribution, but they did not surpass their food tolerance limits. The heavy metal uptake by the wheat roots was in the following order: Zn>Cu>Ni>Pb>Cr>Cd, which is in contrast to the stem leaves and seeds, where they were Zn>Cu>Ni>Cr>Pb>Cd and Zn>Cu >Cr>Ni>Pb>Cd, respectively.
From among these six heavy metal elements, every element was present in its highest concentration in the wheat roots, illustrating that the roots have the strongest heavy metal uptake capability. The plants absorb elements from the surrounding soil, so therefore the elements first accumulate in the root. Then some of the elements transport to other parts of the plants. Thus, different plant parts have different accumulation capabilities for metal elements. However, for the majority of cases, the underground parts typically accumulate more than those that are above ground [6] . Passage from the ex planta to in planta regions of the soil-plant system is dependent not only on the plant's properties but also on the heavy metal pollutant's properties [14] . Comparing the concentrations present in the stem leaf with those in the seeds, the Pb, Cr, and Ni concentrations in the stem leaf are significantly higher than those in the seeds. However, for Cd its concentration in the stem leaf is also higher than that in the seeds, but the concentration difference between the two locations is not nearly as obvious.
In sharp contrast, the Zn concentration in the stem leaf is significantly lower than that in the seeds. Finally, although the Cu concentration in the stem leaf is also lower than that in the seeds, the difference is not as significant 
The Analysis of Influence Factors
The transfer and transformation mechanisms for heavy metals in the soil-plant system are complicated and influenced by multiple factors. Numerous studies have demonstrated that a number of factors affect heavy metals bioavailability in soils, including soil pH, organic matter (OM), cation exchange capacity (CEC), cultivars of crop plants, plant age, and so on. Theses pre-existing reports make it clear that heavy metal bioavailability in the soil is closely linked to the soil's heavy metal concentration, pH value, organic matter, total salt, and soil type [15] .
The heavy metal concentrations present in the surface soil are detailed in Table 2 . The Cd concentration in the soil surpassed the secondary stadard environmental quality standard for soils (GB15618-1995), which demonstrated that the soil was polluted by Cd. The Zn and Ni concentrations in the soil ranged from 62.22 to 333.6 mg·kg -1 and 15.91 to 61.42 mg·kg -1 , respectively, and more than half of the sampling points contained Zn concentrations that surpassed the secondary stadard environmental quality standard for soils (GB15618-1995). The Pb, Cu, and Cr concentrations were in the background value. The relationship between the total heavy metal concentrations in the seeds of the 24 monitored plant samples and the relevant soil samples were analyzed. The correlation factors of Cd, Pb, Zn, Cr, Ni, and Cu in the seeds were 0.4463, 0.4094, 0.2640, 0.3616, 02142, and 0.1565, respectively. The correlation factors of Cd and Pb were higher than any of the other four elements, meaning that their concentrations in the seeds had already been greatly affected by the heavy metal concentrations present in the soil.
From among the previously mentioned soil properties, pH plays the most important role in determining metal speciation due to its strong effect on the solubility and speciation of metals in the soil and solution [16] . Dramatic increases in heavy metals desorption from the soil constituents and its dissolution ability in solution have been observed with a corresponding decrease in soil pH [17, 18] . The bioavailability of heavy metals in soil also increases when the soil pH decreases. The pH for the soil in the wastewater irrigating region of Tianjin ranged from 7.8 to 8.3, and the soils all showed alkalescency ( Table 3) . The correlation factors of the presence of Cd, Pb, Zn, Cr, Ni, and Cu in the seeds with pH were -0.0154, -0.0502, -0.3714, -0.1389, -0.3215, and -0.1758, respectively (Fig. 2) . The Zn and Ni correlation factors were higher than any of the other four elements, meaning that their concentrations in the seed had been greatly affected by pH.
Apart from soil pH, the soil's OM is another important factor that affects heavy metal availability [19, 20] . It has been reported that heavy metal adsorption onto soil constituents declines when the soil's organic matter content decreases, and conversely when the soil's organic matter increases, the plant's ability to uptake heavy metals decreases [6, 21] . The organic matter of the soil in the wastewater irrigating region of Tianjin ranged from 1.3% to 1.8% (Table 3 ). The correlation factors of the presence of Cd, Cu, Pb, Zn, Cr, and Ni in the seeds with pH were -0.2819, -0.6032, -0.2375, -0.0419, -0.0995, and -0.016, respectively (Fig. 2) . The Cu correlation factor was higher than for any of the other elements, meaning that the Cu concentration in the seeds had been greatly affected by the soil's organic matter.
The salt concentration of the soil in the wastewater irrigating region of Tianjin ranged from 0.041% to 0.052%, and the soils were of the classification of mild and moderate salinity ( Table 3 ). The correlation factors of the presence of Cd, Cu, Pb, Zn, Cr, and Ni in the seeds with pH were -0.0254, -0.1430, 0.0389, 0.2912, -0.2412, and 0.0070, respectively (Fig. 2) . The correlation factors of all the heavy metals were low, meaning that their concentrations in the seeds had not been affected by the soil's salt concentration. In different types of soil, heavy metals have different bioavailability [22, 23] . The PCF of Cd in wheat was arranged in the following order: chiltern moisture soil > loam moisture soil > ordinary moisture soil > viscidity moisture soil (Fig. 3) . The PCF of heavy metals in wheat was highest in the loam moisture soil, meaning that heavy metals in the loam moisture soil had high bioavailability, and the PCF of Zn was higher than for any of the other five heavy metals. The ability of differing soil factors from various soil types to influence plants' uptake of heavy metals as well as the difficulties in assessing the existence of heavy metals in complex soil types have encouraged the development of prediction models capable of predicting trace element transfers to plants [24] . The model provides a great opportunity to carry out ecological risk assessments and establish soil quality criteria for heavy metals. However, diverse soil factor influences may result in avariability of ecological risk assessments in different soils and of the soil quality criteria for heavy metals. The heavy metal concentration in wheat is influenced by the heavy metal concentrations in the soil, pH, organic matter, total salt concentration, and type of soil. The quantification theory to forecast was used to develop this model. The predicting model for heavy metals in wheat was constructed following the method described by Hakanson and Zheng [25, 26] .
The forecasting formulas of the acquisition of heavy metal in wheat are listed in the following: -Y Cd = -0.0167X 1Cd +0.0115X 2 +0.5217X 3 +0.0432X 4 …where Y is the heavy metal concentration in wheat, X 1 is the full dose of heavy metal in soil, X 2 is soil pH, X 3 is the soil's organic matter, X 4 is the total salt concentration in the soil, X 5 is the chiltern moisture soil, X 6 is loam soil, and X 7 is gloea moisture soil. The multiple correlation factor r was used to measure the forecasting accuracy of the fore-casting model. The correlation factor r of Cd and Zn was 0.7349 and 0.6250, respectively. They were higher than the correlation factor r of Ni, Pb, Cu, and Cr, meaning that the predicting model was appropriate for predicting the Cd and Zn concentrations in wheat.
Conclusion
The heavy metal concentrations (Zn, Cd, Cu, Pb, Cr, and Ni) in wheat that had been irrigated with wastewater in Tianjin were high, and the Cd concentration (0.062 mg·kg -1 ) in seeds actually exceeded the national safety standard. Differing parts of the wheat plant had different accumulation abilities, and the accumulation factor of the wheat's seeds followed a decreasing order of Zn>Cu>Cr>Ni>Pb>Cd. The heavy metal distribution in wheat was entirely affected by the heavy metal concentrations in the soil, pH value, organic matter, total Fig. 2 . The correlation between the concentration factor for heavy metals in wheat and the physicochemical properties of soil. salt, and soil texture. The Cd and Pb correlation factors were higher than for any of the other four elements, meaning that their concentrations in the seeds had been greatly affected by the heavy metal concentration in the soil. The Zn and Ni concentrations in the seeds were largely impacted by the pH value, whereas the Cu concentration in the seeds was greatly affected by the soil's organic matter. Additionally, the heavy metals present in the loam moisture soil had a high bioavailability. Finally, the predicting model was appropriate for predicting the concentrations of Cd and Zn in wheat, and r was 0.7349 and 0.6250, respectively.
